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SECTION  1 

EXECUTIVE  SUMMARY 


The  objective  of  this  program  was  to  demonstrate  and  package  a  silica-waveguide  time-delay 
network  so  that  it  can  be  evaluated  in  a  phased  array  testbed.  In  particular,  its  target  of  insertion 
was  the  96-element  ARPA/Rome  conformal  array  (developed  under  Contract  No.  F30602-91-C- 
006)  that  operated  at  L-band.  Using  an  optoelectronic-switching  scheme,  we  successfully 
demonstrated  a  4-bit  programmable  time-shifter  that  provided  time-delay  steps  (At)  of 
0.248  nsec.  The  waveguide-module  was  integrated  into  a  subsystem  that  consisted  of 
semiconductor  lasers  and  detectors,  RF  transfer-switches,  low  noise  RF  amplifiers  (LNA),  and 
T^L  circuitries  installed  to  enable  switching  of  the  active  optoelectronic  components.  With  the 
silica-waveguide  module  controlling  one  of  the  central  columns  in  the  conformal  array,  we  were 
able  to  demonstrate  antenna  patterns  that  exhibited  (i)  a  better  than  50%  instantaneous  bandwidth 
and  (ii)  sidelobe  suppression  ratios  of  more  than  10  dB  (for  scan  angles  as  wide  as  ±60°). 

The  organization  of  this  final  report  is  as  follows.  Section  2  gives  a  brief  review  of  the 
technical  background  for  this  work.  In  particular,  it  discusses  and  compares  the  key  design 
parameters  for  silica-based  and  GaAs-based  integrated  time-delay  networks.  We  will  then 
describe,  in  Section  3,  the  design  of  the  silica-waveguide  time-shifter.  This  includes  a  discussion 
of  (i)  the  bending  losses  in  curved  optical  waveguides,  (ii)  the  architecture  of  our  optoelectronic- 
switching  scheme,  and  a  description  of  the  waveguide-delay-line  design.  The  characterization  of 
the  silica-waveguide  module  is  described  in  Section  4.  Data  from  measurements  of  the  optical 
insertion  loss,  the  RF-insertion  phase,  and  the  time-domain  response  will  be  presented  in  this 
section.  Finally,  we  will  present  (in  Section  5)  the  results  obtained  from  its  evaluation  in  the 
ARPA/Rome  conformal  array.  We  will  also  summarize  the  accomplishments  of  our  program  in 
this  section. 
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SECTION  2 
INTRODUCTION 


Since  the  first  demonstration(l)  of  optical  steered  phased  array  antenna,  many  architectures 
for  implementing  optical  beam-forming  networks  have  been  proposed  and  realized(2).  Among 
the  reported  schemes,  those  offering  true-time-delay  (TTD)  still  has  the  best  potential  for  meeting 
future  needs  in  multifunction  and  multiband  operations,  especially  over  wide  scan  angles.  Thus 
far,  the  photonic  time-shift  modules  demonstrated  for  system  insertions  were  all  composed  of 
fiber-based  delay-lines,  whose  lengths  were  trimmed  individually  to  meet  specific  time-delay 
requirements,  as  dictated  by  the  aperture  size  and  steering  angle  of  the  array.  An  integrated 
waveguide-based  delay-line  technology  offers  several  advantages  over  their  fiber-based 
counterparts.  First,  the  waveguides  are  typically  fabricated  by  photolithographic  processes  with 
dimensional  precisions  of  micrometers.  This  enables  better  differential  phase  accuracy  to  be 
achieved,  especially  for  the  fine  bits  of  the  time-shifter.  Although  there  is  an  initial  investment 
for  the  photomask  design,  subsequent  reproduction  of  identical  sets  of  delay-lines  becomes  more 
efficient  and  precise  with  the  waveguide-based  technology.  Secondly,  the  time-delay  module  can 
be  packaged  more  compactly  if  the  waveguide-waferboard  can  be  adopted,  in  addition,  as  a 
monolithic  or  hybrid  integration  platform  for  the  active  components. 

In  Ref  3,  we  reported  a  detector-switched  monolithic  GaAs  time-delay  network  with  2-bits  of 
resolution.  Because  silica-waveguides  typically  demonstrate  a  propagation  loss  of  less  than 
0. 1  dB/cm,  they  are  a  more  attractive  choice  for  steering  phased  arrays  with  large  aperture  sizes 
and  wide  scan  angles.  In  Table  1,  we  compare  the  key  design  parameters  for  silica-  and  GaAs- 
based  integrated  time-delay  networks. 


Table  1.  Key  Design  Parameters  for  Integrated  Time-Delay  Networks. 


Si 

GaAs 

Substrate 

-4"  (6”  max) 

2" 

Waveguide  Material 

Ge-Doped  Silica  (Burled) 

GaAIAs/GaAs  (Rib) 

Loss  (dB/cm)  (For  Curved  Guides) 

-OA 

-1 

Refractive  Index  (n) 

-1.5 

-3.45 

Loss  per  nsec  of  Delay 

-2  dB 

-8.7  dB 

Minimum  Bend  Radius 

-5  mm  (An/n  -0.65%) 

-3  mm  (An/n  -2%) 

Fiber  Coupling 

-0.5  dB 

-3  dB 

Device  Integration 

No  (Hybrid  Platform) 

Detector  Switch  (>40  dB  Isolation) 

The  silica  waveguides  are  composed  of  a  Ge-doped  Si02  core  (6  pm  x  6  pm)  embedded 
inside  SiOi  (see  Figure  1).  These  core  and  cladding  layers  are  deposited  by  flame  hydrolysis  on 
Si  substrates  that  are  typically  four  inches  in  diameter.  On  the  other  hand,  the  waveguides  for  the 
GaAs-based  technology  are  of  the  rib-type  (see  Figure  2).  The  epitaxial  layers  from  which  these 
rib-waveguides  are  fabricated  are  grown  by  MOVPE  on  GaAs  substrates  that  are  typically  -two 
inches  in  diameter. 

9327-32-041 

WAVEGUIDE 

CORE 

(6pm  X  6pm) 


OVERCLAD 


Si  SUBSTRATE 

Figure  1.  SEM  Micrograph  of  Buried  Silica-waveguide. 

We  show,  in  Figure  3,  the  fabrication  sequence  of  the  buried  silica  waveguides  by  flame 
hydrolysis  (FHD).  Partially  because  they  are  buried  waveguides,  the  propagation  loss  of  straight 
silica  waveguides  is  only  0.04  dB/cm  (for  those  with  An/n~0.65%,  n=index  of  refraction).  This 
figure  is  to  be  compared  with  typical  losses  of  -0.5  dB/cm  for  straight  GaAlAs/GaAs  rib- 
waveguides. 


f 

UNDERCLAD 
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Alo.iGao.gAs  LOWER  CLAD 
GaAs  RIB  \ 


Figure  2.  SEM  Micrograph  of  GaAs/GaAlAs  Rib  Waveguide. 


FHD 


Ge02 


Si02 
Si02  film 

Si  SUBSTRATE 


CONSOLIDATION 
•-  CORE 

UNDERCLADDING 


FHD  + 

CONSOLIDATION 


OVERCLADDING 


WAVEGUIDE 

CORE 


Figure  3.  Fabrication  Sequence  of  Buried  Silica  Waveguides 
by  Flame  Hydrolysis  (FHD). 
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Next,  because  the  refractive  index  difference  between  cladding  and  core  (An/n~0.65%)  is 
smaller  for  the  silica  waveguides  than  for  their  GaAs  counterparts  (An/n~2%),  the  minimum  bend 
radius  (Rmin)  of  silica  guides,  at  Rmin~5  mm,  is  slightly  larger.  The  fact  that  silica  waveguides 
cannot  be  “bent  as  tightly”  as  GaAs  waveguides  is  compensated  by  the  availability  of  larger  Si- 
substrates.  The  typical  losses  of  silica  (high  An  type)  and  GaAs  curved  waveguides  with  radii  of 
curvature  approaching  their  bend  minimums  are,  respectively,  ~0.1  dB/cm  and  ~1  dB/cm. 
However,  a  more  meaningful  figure  of  merit  for  comparing  their  losses  (in  the  context  of  a  time- 
delay  network)  is  the  loss  incurred  for  generating  1  nsec  of  time-delay.  Because  GaAs  has  a 
higher  refractive  index  of  3.45  (vs  n=1.5  for  silica),  it  can  generate  more  time  delay  (At=nL/c) 
per  unit  length  (L)  than  silica.  Taking  into  account  the  loss  per  unit  length  and  the  time-delay  per 
unit  length,  we  obtain  a  propagation  loss  of  ~2  dB/nsec  for  silica  waveguides  vs.  ~9  dB/nsec  for 
GaAs  rib  waveguides.  In  addition,  silica  waveguides  demonstrate  a  lower  coupling  loss  (of  only 
0.45  dB,  i.e.,  -10%)  to  single  mode  fibers  than  GaAs  waveguides.  This  is  because  the  core/clad 
of  the  single-mode  silica  waveguides  are  very  similar  in  refractive  indices  and  physical 
dimensions  to  optical  fibers.  This,  in  turn,  reduces  the  mode-mismatch  between  the  optical  fiber 
and  silica  waveguide.  However,  a  GaAs-based  technology  allows  the  detector  switches  to  be 
integrated  monolithically  with  the  waveguide-delay  lines.  This  not  only  enables  the  time-delay 
network  to  be  packaged  more  compactly,  but  also  eliminates  an  extra  coupling  interface  between 
the  delay-lines  and  optoelectronic  switches.  Finally,  the  optical  input  to  a  GaAs  integrated  time- 
shift  network  is  distributed  to  its  delay  branches  by  cascaded  Y-branch  (1  x  N)  splitters.  In 
contrast,  N  x  N  star-couplers  based  on  a  Fourier  optics  design  are  used  in  a  silica-based  network 
to  distribute  the  optical  inputs.  As  we  shall  see,  the  latter  design  would  enable  the 
implementation  of  higher  bits  of  resolution  without  incurring  excess  splitting  loss. 

In  this  program,  the  target  of  insertion  for  the  integrated  optical  time-delay  network  was  the 
ARP  A/Rome  conformal  arrayG)  (see  Figure  4)  that  operates  at  L-band  (-850-1500  MHz). 
Populated  by  96  (=  24  x  4)  radiating  elements,  the  aperture  of  the  two-dimensional  array  was 
-1  m  X  2.7  m.  In  particular,  these  radiating  elements  were  grouped  into  24  columns  and  arranged 
to  lie  on  an  arc  with  a  radius  of  curvature  equal  to  -3.05  m.  Inside  the  conformal  array,  the 
24  columns  were  further  grouped  into  8  subarrays,  each  of  which  was  designed  to  be  steered  by  a 
photonic  time-shifter. 

Specifically,  the  targets  of  insertion  for  the  waveguide-based  time-delay  network  were  the 
central  subarrays  of  the  antenna.  For  these  central  columns,  a  4-bit  time-shifter  that  provides 
quantized  time-delays  of  0,  At,  2At..  to  15At  is  sufficient  to  satisfy  the  scan-angle  requirements  of 
±60°.  However,  because  of  the  large  aperture  size  and  wide  scan-angle  requirement  for  this 
antenna,  the  step-size  (At)  for  the  quantized  delay-times  must  be  0.25  nsec.  This  implied  that  we 
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(a)  ARRAY 


(b) 


RADIATING 
ELEMENTS 
(24  CARDS) 


BSU 


RADOME 


POWER 
SUPPLIERS  (3 


ANTENNA 
SUPPORT 
STRUCTURE,  V 


2:8  POWER  DIVIDER 
RECEIVE  (1) 

F/0  TRANSFER  BOX  (1) 

1:8  POWER  DIVIDER 
TRANSMIT  (1) 


1.4  POWER  DIVIDER  (24) 

T/R  MODULE  (24) 

F/O  DELAY  WITH  2  TRANSFER 
SWITCHES  AND  1:3  POWER 
DIVIDERS  (8) 


Figure  4(a),  Outer  Dimensions  of  the  ARP  A/Rome  L-band  Conformal  Array; 
4(b)  The  Antenna  Aperture  and  Beam-forming  Network  of  the  Array, 
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need  to  generate  a  time-delay  of  3.75  nsec  (from  the  waveguide-module)  for  the  longest  time- 
delay  option  of  15 At.  Thus,  a  GaAs-based  time-delay  network  would  require  a  delay-line  that  is 
as  long  as  32.6  cm  -  a  length  that  could  incur  a  fairly  high  insertion  loss  of  ~33  dB. 
Consequently,  we  decided  to  pursue  the  development  of  a  silica-based  optical  time-shift  network 
to  accomplish  our  system  insertion  goals.  Using  a  time-delay  of  ~50  psec/cm  for  silica- 
waveguides,  we  estimated  that  we  need  a  maximum  delay-length  of  75  cm  (for  the  delay-option 
of  15 At)  in  a  silica-based  time-delay  network. 
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SECTION  3 

DESIGN  OF  4-BIT  OPTOELECTRONIC-SWITCHED 
SILICA-WAVEGUIDE  TIME-SHIFTER 

To  generate  the  time-delays  necessary  to  steer  the  96-eIement  conformal  array,  we  need  to 
design  and  integrate  waveguide-delay-lines  with  length  differences  of  AL,  2AL,  3AL..and  15AL, 
where  AL=5  cm,  on  silica-waveguide  chips.  Since  the  silicon  substrates  on  which  these  delay¬ 
lines  are  fabricated  have  a  finite  area  (~4"  in  diameter),  the  optical  waveguides  need  to  be  curved 
so  that  compact  “loops”  with  pre-designed  geometries  can  be  formed  for  them  on  the  finite  real 
estate  of  the  Si-substrate.  Unfortunately,  the  bending  of  these  waveguides  incurs  optical  losses  in 
their  guided  modes.  In  Section  3.1,  we  will  discuss  the  origin  of  these  bending  losses.  An 
understanding  of  these  bending  losses  provides  the  basis  for  laying  out  the  mask  sets  used  to 
fabricate  the  integrated  delay-lines. 

In  Section  3.2,  we  will  discuss  the  architecture  of  our  “optoelectronic-switched”  time-delay 
network.  In  this  switching  scheme,  the  delay-path  of  the  optical  carrier  (for  the  RF)  is  defined  by 
turning  on  a  laser  and  detector  located,  respectively,  at  the  beginning  and  end  of  an  analog  optical 
link.  As  we  shall  see,  by  combining  laser-  and  detector-  switching,  we  were  able  to  divide  the 
integration  of  the  above  delay-lines  into  two  silica-waveguide  chips,  with  one  chip  hosting  the 
shorter  delay-lines  (reference  line  1,  AL,  2AL,  3AL),  and  a  second  chip  hosting  the  longer  delay¬ 
lines  (reference  line  2,  4AL,  SAL,  12AL). 

Finally,  in  Section  3.3,  we  will  describe  the  actual  geometric  layout  of  the  integrated  delay¬ 
lines  on  the  two  chips.  In  comparison  with  conventional  microwave  guides  such  as  RF-striplines, 
the  following  technical  attributes  of  the  optical  waveguides  offered  significant  advantages  for 
realizing  a  miniature  time-delay  network.  First  of  all,  these  optical  waveguides  demonstrate 
excellent  optical  confinement.  Therefore,  they  can  be  spaced  as  close  as  -100  |a.m  apart  without 
fear  of  RF-crosstalk.  This  enabled  us  to  pack  these  delay-lines  into  compact  “loops”  with 
precisely  designed  physical  lengths.  Secondly,  these  optical  waveguides  can  intersect  at  right 
angles  with  virtually  no  cross-coupling  in  optical  energy.  This  helped  us  to  lengthen  the  delay¬ 
lines  within  the  confines  of  a  4-inch  diameter  Si  substrate.  The  above  two  attributes  are  unique 
to  these  optical  waveguides,  and  are  difficult  to  attain  with  conventional  microwave  strip-line 
technology.  In  particular,  they  serve  to  illustrate  the  advantages  of  adopting  a  photonic  time- 
delay  network. 
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3.1  BENDING  LOSSES  OF  CURVED  INTEGRATED  OPTICAL  WAVEGUIDES 

In  this  section,  we  will  present  the  equations  that  dictate  the  bending  loss  of  the  integrated 
optical  waveguides.  As  we  shall  see,  these  equations  show  that  the  bending  loss  decreases 
exponentially  as  the  bend’s  radius  of  curvature  increases.  Figure  5  shows  a  guided  mode 
propagating  around  a  waveguide  bend  from  a  straight  waveguide  section.  The  transition  between 
the  straight  and  curved  waveguide  sections  is  indicated  by  a  dotted  line  that  is  coincidental  with 
the  phase  front  of  the  incident  mode  to  its  left.  As  shown,  most  of  the  optical  power  in  the 
guided  mode  is  confined  inside  the  waveguide-core  with  refractive  index  ni.  However,  it  does 
have  an  evanescent  tail,  characterized  by  a  decay  constant  ttx,  in  the  waveguide  clad  with  index 
n2-  To  be  specific,  a  well-confined  optical  mode  has  a  large  decay-constant  and  a  short 
evanescent  tail  given  by  exp(-xax),  where  Ixl  >  (d/2),  the  half-width  of  the  waveguide-core.  We 
will  show  later  that  the  magnitude  of  has  a  direct  impact  on  the  bending  loss  of  the  curved 
optical  waveguide. 


DECAY 


Figure  5.  Radiation  Loss  from  an  Optical  Mode 
Guided  Around  a  Waveguide  Bend. 


The  origin  of  the  bending  loss  is  as  follows.  As  the  optical  mode  moves  around  the  bend,  its 
phase  front  (indicated  by  the  dotted  line)  must  rotate  about  its  center  of  radius  of  curvature  C. 
We  see  immediately  that  the  path  length  (d)  of  the  trajectory  for  an  infinitesimal  portion  (dx)  of 
the  mode  increases  with  its  distance  r(r  =  R-i-x)  from  C,  where  R  denotes  the  bend’s  radius  of 
curvature.  Specifically,  if  0  is  the  angular  rotation  of  the  phase-front,  d=0  x  r.  This  implies,  in 
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particular,  that  the  outer  evanescent  tail  (with  larger  r)  must  travel  faster  than  the  inner 
evanescent  tail  to  keep  the  same  angular  rotation.  Since  the  maximum  speed  at  which  any  part  of 
the  mode  can  travel  is  the  velocity  of  light  (=  c/ni)  in  the  outer  clad,  the  part  of  it  that  lies  beyond 
a  critical  radius  Rc  would  not  be  able  to  “keep  up”  with  the  rest  of  the  mode  as  it  goes  around  the 
bend.  A  simple  estimation  shows  that  Rc  is  given  by  Rc=(neffR)/ni,  where  neff  is  the  effective 
index  of  the  waveguide  mode.  This  portion  of  the  mode  (indicated  as  the  shaded  portion  in 
Figure  5)  is  effectively  radiated  from  the  guide  in  a  distance  of  Zc  ~(A,iax^)'^  where  Xi=Xyn]  is 
the  optical  wavelength  in  the  medium  ni.  By  computing  the  mode-energy  inside  the  shaded 
portion  of  the  mode,  we  obtain  the  following  expression  for  the  radiation  loss  of  the  curved 
waveguide  per  unit  length: 

ar  =  Cl  exp(  -  C2R)  (1) 

where  C]  =  ax^/ki,  and  C2=  ttx^/ki^.  In  the  above  equations,  ki=(2TC)//\.i.  The  radiation  loss 
given  by  Eq.  1  is  fundamental  to  the  propagation  of  optical  modes  around  waveguide  bends.  It 
occurs  in  bends  formed  by  loops  of  optical  fibers  as  well  as  those  formed  by  integrated  delay¬ 
lines  on  a  chip.  The  dominant  term  on  the  right  hand  side  of  Eq.l  is  the  term  in  the  exponential. 
As  the  equation  shows,  the  radiation  loss  ar  decreases  exponentially  with  C2,  a  parameter  that  is 
proportional  to  ttx^-  Thus,  a  well-confined  mode  with  a  larger  Ux  will  demonstrate  a  smaller 
bending  loss.  For  optical  waveguides  with  approximately  the  same  core  width  d,  is 
determined,  to  a  large  extent,  by  An/n2,  where  An=n2-ni.  In  particular,  a  higher  An  gives  rise  to 
better  mode-confinement,  and  enables  a  larger  ttx  to  be  obtained.  Finally,  the  radiation  loss 
coefficient  ar  decreases  with  the  radius  of  curvature  R.  Thus,  a  gentle  bend  in  the  integrated 
delay-lines  induces  less  loss  than  a  bend  with  a  sharp-turn. 

In  Table  2,  we  compare  the  dependence  of  the  measured  waveguide  loss  on  the  two 
parameters,  ttx  and  R,  for  two  types  of  silica-waveguides. 


Table  2.  Comparison  of  Waveguide  Loss  for  High-  and  Low-An  Silica-waveguides. 


Waveguide 

Type 

An/n 

(n~1.5) 

Core  Size 

Fiber 

Coupling  Loss 

Minimum  Bending 
Radius  (Rmin) 

Low-An 

-0.3  % 

8  ^im  X  8  |im 

0.2  dB  (=4%) 

25  mm 

HIgh-An 

-0.65  % 

6  |im  X  6  |im 

0.45  dB  (=10%) 

5  mm 

As  shown  in  the  Table  2,  we  classify  the  silica  waveguides  into  the  low-An  (An/n  ~  0.3  %) 
and  the  high-An  (An/n  ~  0.65  %)  types.  Although  the  core  of  the  low-An  waveguide  can  be  as 
wide  as  8  |im  and  yet  maintain  single  mode  propagation,  its  minimum  bend  radius  of  curvature 
(Rmin  ~  25  mm)  for  achieving  an  acceptable  bending  loss  is  noticeably  larger.  This  is  to  be 
compared  with  a  waveguide  core  of  6  |im  and  an  Rmin  of  ~5  mm  for  the  high-An  silica- 
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waveguides.  However,  one  can  obtain  a  lower  fiber-coupling  loss  (of  ~0.2  dB)  for  the  low-An 
type  waveguide.  Because  rather  long  delay-lengths  were  needed  to  steer  the  96-element  array 
through  scan  angles  of  ±60°,  we  decided  to  adopt  the  high-An  waveguides  in  our  design. 

Once  the  decision  to  adopt  the  high-An  waveguides  was  made,  ax  was  fixed  by  the  choice  of 
ni,  n2,  and  the  waveguide-dimensions  of  ~6  |im  x  ~6  |im  designed  to  maintain  the  propagation  of 
only  the  fundamental  mode  in  the  waveguides  (see  Figure  1).  The  radius  of  curvature  R  then 
became  the  key  design  variable  for  laying  out  the  geometry  of  the  integrated  delay-lines.  As 
mentioned  above,  the  minimum  bend  radius  of  curvature  for  these  “high-An”  silica-waveguide  is 
~  5  mm.  By  adopting  bend  radii  of  curvature  larger  than  6.7  mm,  we  were  able  to  fit  all  the 
delay-lines  inside  silica  chips  ~  6  cm  x  ~  7  cm  in  size. 

Aside  from  the  fundamental  radiation  loss  discussed  above,  the  guided  mode  also  suffers  a 
small  transition  loss  at  junctions  that  join  together  waveguides  with  dissimilar  radii  of  curvature. 
This  kind  of  coupling  loss  is  illustrated  in  Figure  6  for  a  junction  between  a  straight  waveguide 
and  a  curved  one.  The  origin  of  this  transition  loss  is  the  existence  of  a  shift  in  the  mode’s  beam- 
axis  as  it  crosses  the  waveguide  junction.  As  shown  in  Figure  6,  the  amplitude  distribution  of  the 
mode  shifts  outwards  as  it  enters  the  curved  waveguide  from  the  straight  segment.  Intuitively, 
we  can  explain  the  shift  of  the  mode  beam-axis  by  the  following  physical  reasoning.  The  phase 
velocity  for  the  portion  of  the  mode  in  the  outer  clad  (with  index  ni)  is  vi=c/ni,  which  is  larger 
than  the  phase  velocity  V2(  V2=c/n2,  where  n2  >  ni)  in  the  waveguide-core  of  index  n2.  By 
shifting  its  beam-axis  outwards  (towards  the  medium  with  index  ni),  a  larger  fraction  of  the 
mode-power  picks  up  the  higher  phase  velocity  vi.  This,  in  turn,  enables  its  phase-front  (shown 
as  dotted  lines  in  Figure  6)  to  tilt  at  an  angle  from  the  coupling  plane  (between  the  curved  and 
straight  waveguide  segments),  as  is  necessary  for  the  mode  to  go  around  the  bend.  Again,  this 
kind  of  shift  in  the  mode  beam-axis  occurs  in  loops  of  fibers  as  well  as  in  integrated  waveguides 
fabricated  on  a  chip.  As  a  result  of  the  shift,  the  mode  profiles  (indicated  as  “amplitude 
distribution”  in  Figure  6)  become  physically  mismatched  along  the  coupling  plane.  This  mode 
mismatch  is  the  source  of  the  transition  loss  at  the  waveguide  junction.  For  silica  waveguides, 
the  transition  loss  amounts  to  -0.017  dB/junction.  As  a  remedy  to  reduce  this  kind  of  transition 
loss,  the  waveguides  can  be  offset  at  their  junction  to  reduce  the  mismatch  of  the  mode-profiles. 

3.2  DESIGN  OF  4-BIT  OPTOELECTRONIC-SWITCHED  TIME-DELAY  NETWORK 

As  mentioned  earlier,  we  varied  the  delay-times  in  our  time-delay  network  by  means  of 
“optoelectronic  switching”.  In  this  switching  scheme,  the  delay  path  of  the  optical  carrier  is 
defined  by  selectively  turning  on  a  laser  and  detector  located,  respectively,  at  the  beginning  and 
end  of  an  analog  optical  link.  Figure  7  shows  the  architecture  of  the  4-bit  silica-waveguide  time- 
delay  network. 
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Figure  6.  Transition  Loss  Occuring  at  a  Junction  Joining  a  Straight  and  a 
Curved  Waveguide  Segment. 
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Figure  7.  Schematic  of  4-bit  Silica-waveguide  Optical  Time-shift  Network. 


As  shown  in  Figure  7,  the  delay-lines  were  integrated  on  two  silica-waveguide  chips  (II  and 
I),  butt-coupled  respectively  to  the  input  and  output  ends  of  a  4  x  4  silica  star-coupler.  The 
dimensions  of  chips  I  and  II  were  6  cm  x  7  cm  and  5  cm  x  6  cm,  respectively.  By  using  a  “loop- 
type”  geometry  with  a  bend  radius  of  curvature  larger  than  6.7  mm,  we  successfully  integrated 
delay-  lines  with  lengths  of  7.2  cm,  27.2  cm,  47.2  cm,  and  67.2  cm  on  chip  I.  Similarly, 
waveguide-delay-lines  with  lengths  of  6  cm,  1 1  cm,  16  cm,  and  21  cm  were  integrated  on  chip  II. 
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As  shown  in  Figure  7,  four  lasers  were  coupled  to  chip  II.  When  we  biased  up  any  of  the  four 
lasers  (to  approximately  three  times  above  threshold),  the  RF  input  to  the  time-delay  network 
was  modulated  onto  that  laser's  optical  output.  By  biasing  up  the  appropriate  laser,  we  selectively 
coupled  light  into  one  of  the  four  shorter  delay-lines  on  chip  II  (located  at  the  input  side  of  the 
star-coupler):  L5,  L(,  (=L5+AL),  L7  (=L5+2AL),  Lg  (=L5+3AL).  The  optical  carrier  was  split 
into  four  by  the  star-coupler,  and  subsequently  coupled  to  delay-lines  Lj,  L2(=Li+4AL), 
L3(=Li+8AL)  and  L4(=Li+12AL).  We  then  selectively  detected  one  of  these  four  optical 
branches  by  “switching”  on  the  photodiode  pigtailed  to  the  appropriate  delay-line.  In  practice, 
this  was  accomplished  by  turning-off  the  voltage  applied  to  the  gate  of  a  GaAs  MESFET 
(“normally  on”)  connected  in  series  with  the  photodiode  (see  Figure  7).  For  example,  by 
selecting  the  laser  pigtailed  to  L7  and  the  detector  pigtailed  to  L3,  we  obtained,  at  the  RF  output, 
a  microwave  signal  that  had  been  routed  through  a  delay-path  with  a  differential  delay  length  of 
lOAL.  Thus,  laser-switching  controlled  the  time-delays  corresponding  to  the  two  finer  bits  of  the 
four,  whereas  detector-switching  controlled  the  two  most  significant  bits.  Combining  laser  and 
detector  switching,  the  network  of  Figure  7  provided  16  delay  options  (i.e.,  four  bits  of 
resolution)  from  Lq  (=Li-i-L5)  to  L=Lo+15AL.  The  optical  losses  of  such  a  time-delay  network 
consisted  of  (i)  a  fan-out  loss  of  ~8  dB  (at  the  4  x  4  star-coupler),  (ii)  interface-coupling  losses 
(of  0.5  dB/interface)  between  the  silica-chips,  and  (iii)  propagation  losses  in  the  silica- 
waveguides.  In  Section  4,  we  will  present  the  results  of  the  optical  loss  measurements  for  all  the 
delay-line  combination  [Li  (i=5..8)  to  Lj  (j=1..4)]  from  the  two  waveguide-chips. 

3.3  DELAY-LINE  DESIGN  FOR  THE  4-BIT  SILICA-WAVEGUIDE  TIME-DELAY 
NETWORK. 

As  described  in  the  last  section,  the  four  waveguides  for  the  two  minor  bits  of  the  four-bits  - 
L5,  L6,  L7,  Lg  -  were  integrated  on  chip  II  with  a  dimension  of  ~  5  cm  x  6  cm.  This  chip  was 
butt-coupled  to  the  input  end  of  a  star-coupler  fabricated  on  another  silica-waveguide  chip 
~  1 .5  cm  X  2  cm  in  size.  The  output  end  of  the  star-coupler  was  finally  butt-coupled  to  silica- 
waveguide  chip  I  that  contained  the  delay  lines  Li,  L2,  L3  and  L4.  As  shown  in  the  waveguide 
layout  of  Figure  8,  the  size  of  this  chip  (chip  I)  was  ~5  cm  x  6  cm.  We  expected  the  coupling 
loss  of  each  butt-joint  to  be  less  than  0.5  dB  (i.e.  <11%).  Potentially,  the  star-coupler  could  be 
integrated  with  chip  II  to  further  reduce  the  size  of  the  photonic  time-shifter.  However,  this  was 
not  pursued  so  that  a  prototype  that  was  ready  for  system  insertion  could  be  demonstrated  within 
the  program  time-frame. 
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Figure  8.  Waveguide  Layout  of  Chip  I. 


As  mentioned  in  Section  3.1,  the  curved  waveguides  of  chips  I  and  II  were  designed  to  be 
high-An  silica  waveguides  with  bend  radii  larger  than  6  mm.  We  expected  the  propagation  losses 
of  these  curved  waveguides  to  be  ~0. 1  dB/cm.  The  4x4  star  coupler  was  expected  to  incur  an 
intrinsic  splitting  loss  of  6  dB  and  an  excess  loss  of  2  dB.  Taking  into  account  the  propagation 
loss,  the  splitting  loss  at  the  star  coupler  and  the  butt-joint  loss,  we  expected  an  average  loss  of 
~15  dB  between  the  input  and  output  ends  of  the  waveguide  network. 

The  layout  of  waveguide  chip  I  is  shown  in  Figure  8.  In  Figure  9,  we  show  the  detailed 
geometric  design  used  to  generate  the  waveguide  “loops”  of  chip  I.  We  derived  formulas  for  the 
differential  delay  lengths  (ALd)  of  two  types  of  delay-line  designs:  (i)  Type  I  used  for  delay  lines 
L2  and  L3,  and  (ii)  Type  II  designed  for  L4.  Specifically,  if  N  is  the  number  of  complete 
clockwise  and  counter-clockwise  loops,  then  ALd  for  the  type  I  design  is  given  by: 

ALd  =  (N  l)2;rR  -t-  (;r -  4)r  +  2(N  -1-  l)(Si  -1-  S2)  -  AR[(N^  -  ^)n  +  4N  +  2] 

where  R,  r,  Si^  S2  and  AR  are  labelled  in  Figure?,  A  similar  equation  was  also  derived  for  the  type 
II  curves.  Specifically, 

ALd  =  2N(Si  +  S2)  +  2Si  +  (2N  +  l);rR  -1-  (;r  -  4)r  -  AR[4N  -  2  +  N(N  -  l);r] 
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Figure  9.  Waveguide  “Loop”  in  Chip  I. 


Figure  10  shows  the  geometric  layout  for  the  waveguides  used  in  chip  IL  As  illustrated, 
waveguide  “cross-overs”  at  right  angles  were  used  for  delay-lines  L7  and  Lg.  A  detailed  analysis 
showing  that  there  is  negligible  coupling  between  the  two  intersecting  waveguides  is  given  in 
Ref.  5.  Finally,  we  submitted  the  above  waveguide  designs  to  Photonic  Integration  Research, 
Inc.  (PIRI),  Columbus,  Ohio  for  fabrication  into  custom  waveguide  chips.  In  the  next  section,  we 
will  describe  the  characterization  of  the  silica-waveguide  time-delay  network. 
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Figure  10.  Waveguide  Layout  of  Chip  II. 
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SECTION  4 

CHARACTERIZATION  OF  THE  SILICA-WAVEGUIDE 
OPTICALTIME-SHIFT  NETWORK 


In  this  section,  we  will  describe  the  characterization  of  the  silica-waveguide  optical  time-shift 
network.  After  the  silica-waveguide  chips  were  fabricated,  we  first  measured  the  optical  insertion 
loss  of  each  delay  path.  We  present  the  results  of  these  DC  measurements  in  Section  4.1.  With 
the  help  of  a  microwave  network  analyzer  (HP8510B),  we  then  characterized  the  waveguide 
network  by  measuring  (i)  the  differential  RF  insertion  phase  between  its  input  and  output  ports, 
and  (ii)  its  synthesized  pulse  response.  From  either  of  these  measurements,  we  can  deduce  the 
time-delays  generated  for  each  delay-line  combination  in  the  waveguide-network.  The  RF 
insertion  phase  data  presented  in  Section  4.2  were  obtained  before  the  waveguide-network  was 
packaged  for  system  insertion.  On  the  other  hand,  the  data  for  the  synthesized  pulse  responses 
(Section  4.3)  were  taken  after  the  waveguide-network  was  integrated  with  other  RF-components 
in  a  ruggedized  module. 

4.1  MEASUREMENTS  OF  THE  OPTICAL  INSERTION  LOSS 

Figure  1 1  shows  a  photograph  of  the  waveguide-chips  after  they  were  fabricated  and  butt- 
coupled  to  each  other.  We  first  characterized  the  optical  insertion  loss  of  each  delay-path  (from 
Lq,  Lq+AL,  Lo-i-2AL,...to  Lq-i-ISAL).  These  results  are  tabulated  in  Table  3.  In  this  Table,  the 
first  row  designates  the  delay-lines  (Li,  i=5..8)  fabricated  on  chip  II.  The  numbers  shown  in 
brackets  in  this  row  are  the  physical  lengths  of  the  respective  waveguides  on  this  chip.  As 
mentioned  in  Section  2,  the  difference  in  length  between  these  delay  lines  increases  in  steps  of 
AL=5  cm.  Similarly,  the  delay-lines  (Lj,  j=1..4)  on  chip  I  are  tabulated  in  the  first  column  of 
Table  3.  The  difference  in  physical  length  between  these  delay-lines  was  designed  to  increase  in 
steps  of  4AL=20  cm.  Inside  the  table,  we  have  a  matrix  (Mij)  that  shows  the  measured  optical 
loss  (Lt)  of  different  delay-line  combinations,  each  consisting  of  a  delay-line  from  chip  I  and  chip 
II  [i.e.  connecting  Lj  (i=5..8)  to  Lj  (j=L.4)].  For  example,  the  matrix  element  Mu  gives  the 
measured  loss  of  the  delay-path  connecting  L5  to  L].  As  tabulated,  Lt  equals  12.12  dB  in  this 
delay-path.  The  number  tabulated  in  brackets  in  the  matrix  is  the  estimated  loss  per  unit  length 
(a)  of  each  delay-path  combination.  As  an  example,  the  number  inside  the  brackets  in  M]  ]  gives 
a  loss  per  unit  length  of  0.05  dB/cm  for  the  delay-path  combination  of  L5  and  L].  Below,  we 
detail  how  a  is  evaluated. 
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Figure  11(a).  Photograph  of  Silica  Waveguide  Chips  I  and  II  Butt-coupled  Against  4x4 
Star-coupler;  (b)  Photograph  of  Al-housing  and  Fiber-pigtails  for  the  Waveguide  Chips. 
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Table  3.  Optical  Insertion  Loss  of  Silica  Waveguide  Network. 


Lt  in  dB 

L5 

L6 

L7 

Ls 

(a  in  dB/cm) 

(6  cm) 

(1 1  cm) 

(16  cm) 

(21  cm) 

Li 

12.12 

13.20 

13.13 

13.32 

(7.2  cm) 

(0.05) 

(0.09) 

(0.07) 

(0.06) 

L2 

13.76 

14.16 

14.23 

15.16 

(27.2  cm) 

(0.07) 

(0.07) 

(0.06) 

(0.08) 

L3 

16.12 

17.35 

16.50 

17.07 

(47.2  cm) 

(0.09) 

(0.1) 

(0.08) 

(0.08) 

u 

17.04 

17.80 

18.14 

19.23 

(67.2  cm) 

(0.08) 

(0.08) 

(0.08) 

(0.09) 

The  optical  loss  Lt  that  we  measured  experimentally  consisted  of  (i)  the  fan-out  loss  (Lf)  of 
the  4  X  4  star-coupler,  and  (ii)  interface  coupling  losses  (Lcp)  between  the  butt-coupled  chips,  and 
(iii)  propagation  losses  (Lprop)  in  the  silica  waveguides.  For  a  4  x  4  star-coupler,  the  intrinsic 
splitting  loss  is  6  dB.  Adding  an  excess  splitting  loss  of  ~2  dB  to  the  above  intrinsic  splitting 
loss,  we  obtained  Lf~8  dB  for  the  fan-out  loss.  The  interface  coupling  loss  was 
-0.5  dB/interface.  On  top  of  that,  there  was  a  bonding  loss  of  -0.375  dB/interface.  Since  there 
were  4  interfaces  (fiber-pigtail  to  chip  and  chip  to  star-coupler)  for  each  delay-line  combination, 
Lcp  amounted  to  3.5  dB  in  total.  Finally,  the  propagation  losses  Lprop  consisted  of  the  bending 
losses  discussed  in  Section  3.1  as  well  as  scattering  losses  due  to  fabrication  imperfections.  By 
subtracting  Lf  and  Lcp  from  the  measured  loss  Lt,  we  obtained  Lprop  for  a  particular  delay-line 
combination.  Dividing  Lprop  by  Ihe  total  physical  length  (D)  of  the  delay  path  gave  us  an 
estimation  of  a,  the  propagation  loss  per  unit  length.  Hence, 

L(  -  Lcp  -  Lf 

a  - - 

D 

As  shown,  the  average  propagation  loss  per  unit  length  was  only  -0.077  dB/cm  for  the 
waveguides  in  our  design.  The  lowest  value  of  0.05  dB/cm  for  a  was  obtained,  as  expected,  for 
the  delay-line  combination  of  Li  and  L5  because  these  reference  lines  were  straight  segments. 
We  also  note  from  the  table  that  the  highest  value  for  a  (in  the  delay-line  combination  of  L3  and 
Le)  was  only  0. 1  dB/cm. 

4.2  MEASUREMENTS  OF  THE  DIFFERENTIAL  RF  INSERTION  PHASE 

By  measuring  the  angular  part  of  the  scattering  parameter  S21  between  the  input  and  output 
ports  of  the  waveguide-network,  we  obtained  the  RF  differential  phase  (Ac]))  vs  frequency  (f) 
between  each  of  the  15  delay-paths  (Lo+AL,  Lo+2AL,...Lo+15AL)  and  the  reference  line  Lq. 
During  these  measurements,  we  used  the  same  laser  and  detector  to  measure  Acj)  for  each  delay¬ 
line  combination.  Hence,  the  variation  of  the  relative  phase  vs  frequency  was  due  entirely  to  the 
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passive  network  itself  [i.e.,  the  difference  in  waveguide  length  (=mAL,  m=1...15)  between  the 
reference  line  and  the  delay-path  under  test].  Figure  12  shows  the  results  of  these  measurements 
for  the  first  two  delay-lines  of  the  fifteen. 


0  1  2  3  4  5 


FREQUENCY  (GHzH 


Figure  12.  Relative  RF  Insertion  Phase  Vs.  Frequency  Between  the  Reference 
Line  Lo=Li+L5  and  the  Delay-line  Paths  for  (i)  L=Lo+AL,  and  (ii)  L=Lo+2AL. 


Specifically,  the  difference  in  time  delay  (Atd)  between  the  delay  lines  is  given  by  the 
equation: 


Atd  = 


g(A0)  1 

<5f  360° 


Figure  13  shows  the  result  of  the  relative  phase  measurement  for  the  longest  delay  line 
combination  of  L=L8+L4=Lo+15AL.  These  measurements  showed  that  the  measured  time-delays 
were  within  ~15  psec  of  their  designed  value. 

4.3  MEASUREMENTS  OF  THE  SYNTHESIZED  PULSE  RESPONSE 

After  the  waveguide-network  was  packaged  into  a  ruggedized  module  for  system  insertion, 
we  evaluated  the  complete  time-shift  module  by  characterizing  its  pulse  response.  In  addition  to 
the  waveguide-network,  the  module  contained  RF  transfer  switches  for  defining  the  “transmit” 
and  “receive”  paths  in  the  radar,  low  noise  RF  amplifiers,  as  well  as  T^L  circuitries  installed  to 
enable  the  switching  of  lasers  and  detectors.  Figure  14  shows  how  the  waveguide-network  was 
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Figure  13.  Differential  RF  Insertion  Phase  for  the  Longest  Delay-line 
Comhination  of  L=Lo-hl5AL. 

mounted  on  top  of  the  active  photonic  components  and  the  microwave  components  inside  the 
module.  A  photograph  of  the  finished  module  is  shown  in  Figure  15. 

To  characterize  the  module  in  the  time-domain,  we  took  advantage  of  its  broadband  design 
(from  0.5  GHz  to  1.5  GHz).  With  the  help  of  the  HP8510B,  we  first  synthesized  a  2-nsec-wide 
test-pulse  from  800  (equally  spaced)  frequencies  that  lay  in  the  0.5- 1.5  GHz  frequency  window. 
In  addition,  we  tapered  the  amplitudes  of  these  frequencies  so  that  there  were  no  discernible 
satellite  peaks  preceding  or  following  the  2-nsec-wide  test-pulse.  To  obtain  the  pulse  response 
corresponding  to  a  particular  delay-path  combination  of  Li  and  Lj,  we  fed  the  synthesized  pulse 
to  the  “RF  input”  terminal  of  the  module.  We  monitored  the  pulse  response  of  the  system  at  the 
output  terminal  of  the  “transmit”  path.  Experimentally,  the  above  objective  was  accomplished  by 
measuring,  one  by  one,  the  system’s  response  to  each  of  the  800  frequencies.  These  data  were 
stored  sequentially  in  the  microwave  network  analyzer.  Finally,  an  inverse  Fourier  transform 
was  taken  of  the  stored  data  to  synthesize  the  desired  pulse  response  in  the  time-domain.  Using 
this  technique,  we  can  directly  read  off  the  time-delay  incurred  by  a  particular  delay-path  from 
the  separation  (in  nsec)  between  its  pulse  response  and  the  input  test-pulse.  In  addition,  any 
undesirable  optical/RF  crosstalk  between  the  photonic/RF  components  in  the  module  will  show 
up  as  a  distortion  of  the  injected  pulse.  Figure  16  shows  the  pulse  responses  of  four  delay  paths 
with  time-delay  increments  of  1  nsec.  As  shown,  the  four  output  pulses  suffered  almost  no 
distortion. 
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Figure  14.  Photograph  of  Components  Inside  the 
Silica-waveguide  Optical  Time-shift  Module. 


9527-32-035 


Figure  15.  Photograph  of  Silica- Waveguide  Time- 
shift  Module  from  the  Outside. 

In  Figure  17,  we  show  a  plot  of  the  measured  time-delay,  as  determined  by  the  above 
technique,  for  all  16  bit-addresses  of  the  4-bit  time-shifter.  The  straight  line  through  the  data 
points  is  a  linear  fit  through  the  experimental  data  points.  Specifically,  the  following  equation 
gives  the  slope  and  intercept  of  the  linear  fit  through  the  experimental  data  points: 

td  =  17.466 -I- 0.248  X  B 

In  the  above  equation,  td  is  the  time-delay  in  nsec,  and  B  (=1..16)  is  the  bit  address  for  a 
particular  combination  of  Lj  and  Lj. 
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SYNTHESIZED  PULSE  RESPONSE: 


15  16  17  18  19  20  21  22  23  24  25 


TIME  (nsec) 


Figure  16.  Synthesized  Pulse  Response  of  Four  Delay-lines  After  Packaging  for  System 
Insertion.  The  Measured  Time-Delays  are  Indicated  hy  Arrows. 


With  the  completion  of  these  measurements,  we  inserted  the  module  into  one  of  the  central 
columns  of  the  ARP  A/Rome  conformal  array  (see  Figure  4).  In  the  next  section,  we  will  present 
the  antenna  patterns  obtained  with  the  silica-waveguide  module  controlling  one  of  the  central 
columns. 
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Figure  17.  Plot  of  the  Measured  Time-delay  vs  Bit  Address  for  the  4-bit  Time-shifter. 


24 


SECTION  5 

INSERTION  OF  SILICA-WAVEGUIDE  MODULE 
INTO  L-BAND  ARRAY  AND  SUMMARY 


In  Section  5.1,  we  will  present  the  results  obtained  from  the  insertion  of  the  silica-waveguide 
module  into  the  ARPA/Rome  conformal  array.  Following  that,  we  will  describe  (in  Section  5.2), 
a  “folded-version”  of  the  waveguide  network  and  discuss  some  directions  for  future  work. 
Finally,  we  will  summarize  the  accomplishments  of  our  program  sin  Section  5.3. 

5.1  INSERTION  OF  SILICA-WAVEGUIDE  MODULE  INTO  L-BAND  CONFORMAL 
ARRAY 

After  the  silica-waveguide  time-delay  network  had  been  characterized,  we  integrated  the 
module  into  the  96-element  L-band  conformal  array  (see  Figure  18).  As  mentioned  earlier,  each 
of  the  eight  subarrays  was  designed  to  be  steered  by  a  photonic  time-shifter.  In  our  system- 
insertion  demonstration,  one  of  the  two  central  columns  of  the  array  was  steered  by  the  silica- 
waveguide  time-shifter.  The  other  seven  subarrays  were  steered  by  photonic  time-shifters  that 
were  fiber-based.  Figure  18  shows  the  back  of  the  antenna,  where  the  photonic  time-delay 
modules  were  located. 


Figure  18.  Back  View  of  the  2-D  Photonic  Conformal  Phased  Array. 
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Figures  19  to  21  show  the  antenna  patterns  obtained  with  the  silica-waveguide  module 
controlling  one  of  the  two  central  columns  of  the  array.  Because  the  silica-waveguide  module 
was  a  4-bit  time-shifter  and  the  fiber-based  modules  were  5-bit  time-shifters,  the  software  for 
mnning  the  conformal  array  was  slightly  modified  to  accomodate  the  difference.  In  cutting  these 
radiation  patterns,  the  RF  frequency  was  scanned  from  0.78  GHz  to  1.58  GHz,  in  0.1  GHz 
increments.  Figure  19(a)  and  Figure  19(b)  show  the  broadside  patterns  obtained  on  transmit  and 
receive  respectively.  As  shown,  the  sidelobe  suppression  was  better  than  10  dB.  Figure  20  plots 
the  transmit  patterns  of  the  array  for  the  scan  angles  of  ±30°.  Finally,  Figure  21  plots  the  patterns 
obtained  on  receive  at  +30°  and  +60°.  As  Figure  20  and  Figure  21  show,  in  each  instance,  the 
main  beam  from  the  array  stayed  steered  to  the  prescribed  angle  as  the  RF  frequency  was  scanned 
from  0.78  to  1.58  GHz.  The  absence  of  “beam-squint”  in  the  above  frequency  range  shows  that 
the  antenna  has  a  better  than  50%  intantaneous  bandwidth. 


TRANSMIT  0  SCAN  REC0VE  0  SCAN 


'-cgcov 

d«gr««s  degrees 


(b) 

Figure  19.  Broadside  Patterns  Obtained  on  (a)  Transmit  and  (b)  Receive. 

5.2  FOLDED-CHIP  VERSION  OF  THE  SILICA-WAVEGUIDE  MODULE 

In  the  last  quarter  of  the  program,  we  experimented  with  further  miniaturization  of  the  silica- 
waveguide  module.  The  basic  length  of  the  silica-waveguide  module  inserted  into  the  L-band 
array  was  -21.12  cm.  This  length  was  determined  by  the  total  length  (15.32  cm)  of  the  three 
silica-chips  in  the  network  -  chip  I  (7.25  cm),  4x4  star-coupler  chip  (2  cm),  chip  II  (6.07  cm)  - 
and  the  length  (~  2.9  cm)  of  the  two  fiber-ribbon  connectors  located  at  the  input  and  output  ends 
of  the  network.  If  we  fold  the  layout  of  the  silica-waveguide  chips  inside  the  Al-housing,  we  can 
cut  the  length  of  the  module  by  almost  one-half.  To  accomplish  that,  we  butt-coupled  chip  II  to 
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Figure  20.  Transmit  Patterns  Obtained  for  (a)  -30°  and  (b)  +30°  Scan. 


RECEIVE  30  SCAN  RECEIVE  60  SCAN 


Figure  21.  Receive  Patterns  Obtained  for  (a)  +30°  and  (b)  +60°  Scan. 


the  star-coupler,  and  used  a  flexible  fiber-ribbon  to  connect  the  star-coupler  to  chip  I.  Chip  I  and 
chip  II  were  then  attached,  respectively,  to  the  top  and  bottom  plates  of  the  module’s  Al-housing. 
Fig. 22  shows  a  photograph  of  the  module  in  which  the  waveguide-chips  were  “folded”  in  the 
manner  described  above.  The  silica-waveguide  chips  inside  the  module  were  fabricated  with  the 
use  of  the  same  designs  and  mask  sets  as  before.  As  shown,  the  length  of  the  module  was  only 
-12.73  cm. 
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Figure  22.  Photograph  of  the  Waveguide-module  with  “Folded-chips”. 

Ideally,  the  packaging  procedure  described  above  would  only  give  rise  to  an  additional 
-0.5  dB  of  coupling  loss.  This  additional  coupling  loss  stems  from  the  extra  coupling-interface 
between  chip  I  and  the  fiber-ribbon.  In  Table  4,  we  show  the  measured  (optical)  insertion  losses 
of  the  various  delay  paths  in  the  module  of  Figure  2 1 .  The  designations  of  the  rows  and  columns 
are  the  same  as  Table  3.  Hence,  the  entries  in  the  table  represent  a  matrix  of  measured  losses  for 
delay-paths  that  connected  the  delay-lines  of  chip  II  (Lj,  i=5..8)  to  those  of  chip  I  (Lj,  j=1..4). 


Table  4.  Optical  Insertion  Loss  of  Folded-Chip  Silica  Waveguide  Network. 


Lt  in  dB 

L5 

Le 

L7 

Ls 

(a  in  dB/cm) 

(6  cm) 

(1 1  cm) 

(16  cm) 

(21  cm) 

Li 

(7.2  cm) 

12.03 

15.56 

13.74 

17.31 

1-2 

(27.2  cm) 

13.16 

17.30 

15.18 

17.99 

La 

(47.2  cm) 

12.57 

16.49 

14.85 

18.41 

L4 

(67.2  cm) 

13.81 

17.93 

15.08 

18.33 
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Comparing  Table  3  and  Table  4,  we  see  that  the  16  delay-line  combinations  from  both 
modules  demonstrated  very  comparable  optical  insertion  losses.  Eight  of  the  sixteen  delay-line 
combinations  from  the  folded-chip  module  actually  exhibited  lower  insertion  losses  than  what 
was  given  in  Table  3.  We  attribute  this  to  the  fabrication  of  better  waveguides,  i.e.  waveguides 
with  lower  propagation  losses,  in  that  particular  run.  For  example,  the  waveguide  combination  of 
L5  and  L4  (the  longest  delay-line  of  all)  actually  showed  a  propagation  loss  that  was  3.23  dB 
lower  in  Table  4.  Since  L5  was  a  straight  waveguide,  it  is  safe  to  assume  that  the  loss  reduction 
came  from  an  improved  fabrication  run  for  L4.  Specifically,  it  showed  that  the  loss  per  unit 
length  (a)  of  L4,  a  delay-line  67.2  cm  long,  was  lowered  by  as  much  as  0.048  dB/cm.  We  note 
that  a  lowering  of  the  insertion  loss  (by  -3.06  dB)  was  also  observed  for  the  delay-line 
combination  that  connected  L4  to  L7.  The  above  results  implied  that  delay-lines  fabricated  by  the 
geometry  designed  for  L4  could  actually  exhibit  a  lower  loss  than  what  we  had  observed  for  the 
module  (with  the  data  tabulated  in  Table  3)  inserted  into  the  L-band  array.  This  is  very 
encouraging  because  our  system-insertion  experiment  indicated  that  the  longer  delay-lines  tended 
to  bring  down  the  overall  level  of  the  RF  output  from  the  photonic  time-shifter. 

On  the  other  hand,  we  also  observed  a  general  increase  in  the  insertion  losses  of  the  delay¬ 
line  combinations  that  involved  L6  and  Lg.  By  the  same  token,  we  can  attribute  the  increase  to 
(i)  a  poorer  realization  of  the  delay-line  designs  for  Lg  and  Ls,  or  (ii)  a  poorer  coupling  efficiency 
between  them  and  the  star-coupler.  Since  the  waveguide  designs  for  these  rather  short  delay¬ 
lines  (11  cm  for  Le  and  21  cm  for  Lg)  were  relatively  simple,  we  should  be  able  to  produce 
results  at  least  as  good  as  those  tabulated  in  Table  3  if  more  fabrication  runs  were  needed  in  the 
future. 

Finally,  we  want  to  point  out  that  these  waveguide-based  time-delay  networks  could  be 
further  miniaturized  by  adopting  the  Si-substrate  as  a  hybrid  integration  platform.  By  mounting 
lasers  and  detectors  on  the  Si-substrate  where  we  fabricate  the  waveguide-delay-lines,  we 
eliminate  the  fiber-ribbon  connectors  at  each  end.  If  the  above  is  accomplished  successfully,  the 
waveguide-network  -  with  hybridly  integrated  lasers  and  detectors  -  will  be  even  more  robust 
than  what  we  demonstrated  in  this  program. 

5.3  CONCLUSION 

In  summary,  we  demonstrated  a  4-bit  optoelectronic-switched  silica-waveguide  time-delay 
network.  Targeted  for  the  central  columns  of  a  96-element  L-band  conformal  array,  the 
programmable  time-shifter  provided  16  time-delays  in  steps  of  -0.248  nsec.  We  accomplished 
the  above  objectives  by  integrating  eight  delay-lines  on  two  silica-waveguide  chips.  In 
particular,  the  physical  lengths  of  the  delay-paths  ranged  from  -13.2  cm  to  -88.2  cm  on  these 
chips.  We  measured  propagation  losses  of  less  than  0. 1  dB/cm  for  the  waveguides  in  all  sixteen 
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delay-paths.  By  using  RF  insertion  phase  measurements,  we  verified  that  the  relative  time-delays 
between  the  waveguides  were  within  15  psec  of  their  designed  values.  In  addition,  the 
synthesized  pulse  responses  of  the  packaged  waveguide-network  showed  no  broadening  or 
distortion  in  all  sixteen  of  its  delay  options.  We  also  demonstrated  a  folded-chip  version  of  the 
silica-waveguide  network.  Without  incurring  noticeable  increases  in  the  optical  insertion  loss, 
we  were  able  to  shorten  the  length  of  the  waveguide-module  (by  almost  a  factor  of  two)  by 
adopting  a  folded-chip  package-design.  Finally,  we  accomplished  insertion  of  the  silica- 
waveguide  module  into  the  96-element  conformal  array.  With  the  silica-waveguide  module 
controlling  one  of  its  central  columns,  we  demonstrated  that  the  antenna  possessed  a  better  than 
50%  instantaneous  bandwidth  for  scan  angles  as  wide  as  ±60°. 
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MISSION 

OF 

ROME  LABORATORY 


Mission.  The  mission  of  Rome  Laboratory  is  to  advance  the  science  and 
technologies  of  command,  control,  communications  and  intelligence  and  to 
transition  them  into  systems  to  meet  customer  needs.  To  achieve  this, 
Rome  Lab; 


a.  Conducts  vigorous  research,  development  and  test  programs  in  all 
applicable  technologies: 

b.  Transitions  technology  to  current  and  future  systems  to  improve 
operational  capability,  readiness,  and  supportability; 

c.  Provides  a  full  range  of  technical  support  to  Air  Force  Materiel 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence,  reliability 
science,  electro-magnetic  technology,  photonics,  signal  processing,  and 
computational  science. 

The  thrust  areas  of  technical  competence  include:  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Electromagnetic  Technology, 
Photonics  and  Reliability  Sciences. 


